To estimate the effects of sampling frequency on detecting temporal patterns during environmental effects monitoring, we used multivariate analyses and data subsampling to investigate long-term (spanning 20 years) patterns in benthic invertebrate community structure downriver of a large pulp mill in southern British Columbia. Patterns in invertebrate abundance sampled yearly were related to long-term patterns in several physicochemical variables measured in the river using multidimensional scaling ordination. The only available physicochemical variables that were significantly correlated with invertebrate community structure over the 20-year period were the mill outputs of total phosphorus and suspended solids, and these were associated with increased abundances of five families of mayflies, stoneflies and caddisflies. To evaluate the implications of sampling on a more coarse (than yearly) time scale, the full data set spanning 20 years was subsampled to produce a series of smaller data sets, each simulating a sampling frequency of once every three years. Ordination of the subsample data sets showed that an average of 71% of the important taxa and 50% of the important physicochemical variables highlighted in the full analysis were missed in the subset analyses. These results underscore the importance of ensuring adequate temporal replication of sampling effort when a major goal is to directly measure or test for temporal patterns of stressor impacts.
Introduction
As part of Canada's national environmental effects monitoring program, pulp mills across the country are currently being monitored for potential mill effluent effects on aquatic biota. The metal mining industry has also recently been included in this program. Specific attention has been focused on providing for adequate sampling effort via the use of power analysis to calculate sample sizes required to detect effect sizes of interest (Lowell 1997 (Lowell , 1999 . In particular, the program has been designed to ensure sufficient replication and, thus, statistical power to detect spatial effects associated with exposure to effluent (e.g., differences between reference and exposure areas) (Lowell et al. 2002) . Temporal effects (changes in effects through time) can also be addressed, in part, by following changes in spatial effects from one round of monitoring to the next. It is not, however, the intent of the current program to attain the high levels of temporal replication needed to directly measure or test for patterns of change through time, at least in the short term. At present, monitoring occurs on a three-(sometimes four-) year cycle. This paper demonstrates the potential loss of temporal information that can occur when sampling at frequencies less often than once per year.
To examine potential effects of the Weyerhaeuser bleached kraft pulp mill at Kamloops, B.C., on Thompson River biota, we investigated longterm patterns in benthic invertebrate community structure and related these to long-term patterns in several physicochemical variables measured in the river. Multivariate analyses were performed using data from benthic invertebrate samples taken yearly over a 20-year period. This was a period over which mill pulp production was gradually increased from 791 to 1056 air dry tonnes/day. The increased production was generally associated with increased mill total phosphorus load to the river. Although this was partly offset by decreased sewage loading from the City of Kamloops near the beginning of the 20-year period, the overall phosphorus loading to the river was gradually increased over most of this time period (Bothwell et al. 1992) . The benthic invertebrate samples were collected near Walhachin, approximately 50 km downriver of the mill (Fig. 1) . The Walhachin site provided a sampling habitat that was typical of most of the lower Thompson River. The following analyses: 1) summarize the major temporal patterns that were observed based on yearly sampling, and 2) estimate the loss of information that might occur if the invertebrate (and associated physicochemical) data had been collected on a three-year rather than one-year cycle.
Collection and Initial Processing of Data Sets Biological Variables
Benthic macroinvertebrates were sampled yearly during February to April from 1973 to 1992, with the exception of three years during which data were not available (1976, 1977, 1984) . These long-term invertebrate data sets were gathered as part of a Federal-Provincial Task Force (1973 -1975 and as a requirement of the Province of British Columbia licensing agreement for Weyerhaeuser Canada Ltd. A Mundie sampler with a 200-µm mesh net was used to sample 0.18-m 2 plots to a depth of 6 to 12 cm into the gravel substratum. For the purposes of this analysis, taxa were identified to the level of family for the insects, and class, subclass, order, or suborder for the other taxa. Data were expressed as number of individuals/m 2 present for each taxa and averaged over the 3 to 6 replicate samples obtained during each sampling period. Using the average of several replicates for each data value entered into the analysis is recommended to help factor out within-site variability.
Following incorporation of all the available data, the original data matrices contained 33 taxa (Lowell and Culp 1996) . Before analysis, nonbenthic taxa (Cladocera, and calanoid and cyclopoid Copepoda) were removed from the matrix. In addition, Ostracoda, Acarina, and harpacticoid Copepoda were removed because their small size may have resulted in inconsistent counts among years.
As is often practiced in multivariate analyses, numerically rare taxa not occupying uniquely important roles in the community were also excluded. These taxa contribute little to the analysis and their removal helps to lower the ordination stress values to levels low enough to allow the multivariate data set to be meaningfully summarized in two dimensions (see below for further discussion). The following rare taxa were removed: one dipteran family (Empididae), Hemiptera, three stonefly families (Nemouridae, Pteronarcidae, Taeniopterygidae), one caddisfly family (Rhyacophilidae), and Collembola. Following this editing, fifteen insect families and five other taxa (Turbellaria, Nematoda, Hirudinea, Oligochaeta, Hydroida) were included in the analysis (Lowell and Culp 1996) . The edited data set was then arranged into an object (years) by attribute (taxa) raw data matrix prior to the ordination and cluster multivariate analyses. 
Physicochemical Variables
Those physicochemical data that were available for most of the 20-year period were also arranged into similarly constructed data matrices for each site for incorporation into the analysis at a later stage of analysis (principal axis correlation, below). Fifteen physicochemical variables were available to be used in the analysis for each site (Environment Canada 1992; Nordin and Holmes 1992; Weyerhaeuser Canada, Unpublished data) . In the following description of these variables, the sampling period for each variable is indicated relative to the month during each year when the benthic invertebrate samples were collected.
The physicochemical variables included: 1) River discharge at the Spence's Bridge monitoring station approximately 50 km downriver of Walhachin ( Fig. 1): a) peak monthly discharge during the previous 12 months (previous June or July, monthly mean); b) discharge during the previous September (monthly mean); c) discharge during the month that the benthic invertebrate samples were collected (monthly mean); and d) discharge during the previous calendar year (annual mean). 2) Water temperature in the river at Walhachin, averaged over bimonthly measurements that were taken during the three months prior to the benthic invertebrate sampling. 3) Single wavelength colour in the river at Walhachin: a) during the previous month (single measurement); and b) during the month that the benthic invertebrate samples were collected (single measurement). 4) Effluent biochemical oxygen demand produced by the pulp mill: a) during the previous month (monthly mean); b) during the month that the benthic invertebrate samples were collected (monthly mean); and c) during the previous calendar year (annual mean). 5) Effluent total phosphorus produced by the pulp mill: a) during the previous month (monthly mean); and b) during the month that the benthic invertebrate samples were collected (monthly mean). 6) Effluent suspended solids produced by the pulp mill: a) during the previous month (monthly mean); b) during the month that the benthic invertebrate samples were collected (monthly mean); and c) during the previous calendar year (annual mean). Physicochemical variables measured during the month or year previous to each invertebrate sampling date were included to check for potential lag effects. For example, benthic invertebrate abundances during March of a given year could be affected by the effluent suspended solids produced by the pulp mill during the previous month of February. The peak river discharge occurring during the previous 12 months can be important in terms of scouring and depositional events. River discharge during the previous September was included because this is an important period of recruitment and development for many benthic invertebrates (Bothwell and Culp 1993) . Colour can be an indicator of the relative amount of pulp mill effluent in the water, although other dissolved substances in the river may also affect colour. Phosphorus is a limiting nutrient in the Thompson River and can have strong effects on the growth of benthic algae (Bothwell et al. 1992; Bothwell and Culp 1993; Dubé et al. 1997) ; these algae are a major food source for many benthic invertebrates.
Multivariate Methods and Results
To simplify data interpretation, ordination analysis was used to reduce the raw multivariate data set to two dimensions. Cluster analysis was integrated into the procedure to help distinguish natural groupings. These analyses were performed using the PATN multivariate statistical package (version 3.5, CSIRO, Lyneham, A.C.T., Australia). Faith et al. (1987) and Belbin (1992) discuss more fully the rationale and advantages of the statistical approaches described below.
Prior to ordination and cluster analysis, a raw data matrix must first be transformed into a matrix of association values. We used Bray-Curtis dissimilarity coefficients for these association values. The Bray-Curtis coefficient ranges from 0 for identical objects to 1 for entirely dissimilar objects. This measure is favoured due to being robust in terms of exhibiting a monotonic, linear relationship with increasing dissimilarity.
Ordination Analysis
The matrix of association values (years by taxa) was subjected to multidimensional scaling ordination to find the "best fit" (as described below) of the objects (years) into a two-dimensional ordination space. We used the Semi-Strong-Hybrid form of multidimensional scaling. This technique accounts for the linearity usually observed for more similar objects and the nonlinearity observed for more dissimilar objects. It has been found to be more robust and less erratic and distorting than the other major types of ordination: principle components, reciprocal averaging, and detrended correspondence analysis (Faith et al. 1987; Belbin 1992) . For comparative purposes, we tried these latter three techniques as well; in contrast to multidimensional scaling, they all fit very poorly to the cluster analyses.
In an effort to fit multidimensional data into two dimensions, some distortion occurs and this "badness of fit" is reported in multidimensional scaling as "stress." A stress level >0.2 indicates a poor fit and, as indicated above, we winnowed out rare taxa until the stress level was brought down below 0.2 (preferably below 0.15). This required removing numerically rare taxa present during only one or two years during the 20-year period. In addition, for the data set used in this study, logarithmic transforms always increased the stress level, so they were not used.
The year (object) by taxa (attribute) ordinations for the full data set spanning 20 years (Fig. 2) , as well as subsets of the full data set (see further discussion below, Fig. 3, 4) , illustrate the relative positions of years within a two-dimensional ordination space. Years that are closer together were more similar in terms of the composition of benthic invertebrates present during those years. These plots have been varimax rotated so that the two axes (taken together) account for the maximum amount of variance in the positioning of years within the ordination space. Patterns in invertebrate community structure are summarized by the way in which the data determines the positioning of data-years within the multivariate ordination space.
Cluster Analysis
Cluster analysis was used on the full data set spanning 20 years to group the years into related clusters based on similarity in the relative abundances of benthic invertebrates present. We used the flexible UPGMA (unweighted pair group arithmetic averaging) fusion method of cluster analysis. This technique starts with all objects (years) separate and then progressively fuses them into larger and larger clusters by adding the next most similar object to its most similar cluster. It is designed to minimize distortion of the multidimensional space so as to, for example, minimize the tendency for larger clusters to disproportionately attract more objects. We tried a divisive (as opposed to fusion) clustering technique too; it yielded similar results, although the clusters did not group as cleanly in ordination space as did those derived from the fusion technique. Based on inspection of the fusion dendrograms, the data-years were clustered into five groups. These groups have been circled on the ordination plot (Fig. 2) .
Principal Axis Correlation
Principal axis correlation (PCC option of PATN) was performed on the year by taxa ordinations to determine which taxa and physicochem- ical variables best accounted for the positioning of years within the ordination space. This is a multiple-linear regression technique that determines the linear relationship between the taxa or physicochemical data and the ordination space. It provides a vector within the ordination space giving the direction of best fit for a given taxon or physicochemical variable and the correlation coefficient (r) indicating the goodness of fit of that vector. This approach is similar to correlating individual taxa or physicochemical variables to ordination axes, but is more powerful because it also indicates the direction of best fit and is not dependent upon the positioning of the axes.
The PCC vectors with the highest correlation coefficients best accounted for the pattern in the community structure of the benthic invertebrates over the years insofar as this structure determined the positioning of years within the ordination space. These vectors have been incorporated into the ordination plots (Fig. 2-4 ). The P < 0.05 cutoff level (for correlation coefficients) was used for the physicochemical variable vectors. Because taxa abundances were used to construct the ordinations to begin with, a large percentage of the taxa vectors had moderately high correlation coefficients. Therefore, a more conservative cutoff level of P < 0.01 was used for the taxa vectors to highlight those taxa contributing most strongly to the positioning of years within the ordination space. 
Discussion Major Patterns Observed Using the Full (Yearly) Data Set Spanning 20 Years
In summarizing the long-term patterns in benthic invertebrate community structure at Walhachin, the following two physicochemical variables and eight taxa best accounted for the positioning of years within the ordination space (for the PCC vectors: r ≥ 0.52, P < 0.05). The mill output of effluent total phosphorus and suspended solids (measured both in the same month that the invertebrate samples were taken, as well as in the previous month) was greater in years on the lower left side of the ordination space, as indicated by the PCC vectors (Fig. 2) . These tended to be years after 1982, although the distribution of years within the ordination space was not always chronologically uniform.
Five families of mayflies (Baetidae, Ephemerellidae, Heptageniidae), stoneflies (Perlodidae), and caddisflies (Hydropsychidae) were also more abundant in years on the same end of the ordination space (Fig. 2) , years when the output of effluent phosphorus and solids was higher. In contrast, Nematoda and Oligochaeta were more abundant in years on the opposite end of the ordination space ( Fig. 2; generally before 1983) , years when the output of effluent phosphorus and solids was lower. Finally, the vector for midges (Chironomidae) was at right angles to the other significant vectors (Fig. 2) ; that is, chironomid abundance was fairly independent of the output of effluent phosphorus and solids and the abundances for the other taxa.
Patterns Observed Using a Simulated Three-Year Sampling Frequency
The Thompson River data set provides a unique opportunity to determine the consequences of sampling on a more coarse time scale (once every three years) versus a more fine time scale (once every year, the sampling frequency used in the above analysis). To do this, we subsampled at three-year intervals from the full 20-year period to create a series of three smaller data sets, each simulating data that would have been collected under a sampling program of once every three years. The first subsample data set started in 1973, the second in 1974, and the third in 1975. Where the three-year sampling cycle fell on a year when data were not available (see above), the three-year cycling periodicity was maintained, resulting in a few six-year intervals in the subsample data sets.
To a limited extent, some of the structure of the full data set was maintained in the subsample data sets. This can best be seen in the subsample data set starting in 1973 (Fig. 3) . The ordination was rotated approximately 180°so that years after 1982 were distributed in the upper right side of the ordination space. Again, the output of effluent solids (same month) and the abundance of one of the caddisfly families (Hydropsychidae) were greater during these later years (r ≥ 0.92; P < 0.01). And as before, nema-todes and oligochaetes were more abundant in an earlier year on the opposite end of the ordination space, with the chironomid vector falling at right angles to the other significant vectors (r ≥ 0.93; P < 0.01).
At this more coarse time scale, however, several of the significant taxa highlighted in the full analysis (Fig. 2) were not identified when using the three-year sampling frequency (Fig. 3) . Some of the important physicochemical variables detected in the full analysis (effluent phosphorus and previous month effluent solids) were also missed in the subset analysis of Fig. 3 .
In addition, the vectors for some other physical variables (temperature and same month river discharge) that were not highlighted in the full analysis were significant (r ≥ 0.93; P < 0.05) in this subset analysis (Fig. 3) . It is possible that this reflects a cycling periodicity in the river of approximately three years for these two physical variables, although we are not aware of any such cycles. A more likely explanation is that the high correlation coefficients for these physical variables was an artifact arising from the small number of data-years available when sampling only once every three years. That is, incorporation of fewer data-years into the calculations increases the probability of one or two anomalous years having a disproportionately large effect on the overall analysis.
The deficiencies of less frequent sampling become even more apparent in the subsample data set starting in 1974 (Fig. 4) . Although a small amount of the original structure was maintained, only one of the significant taxa from the full analysis was identified (Ephemerellidae; r = 0.96; P < 0.01). All of the physicochemical variables from the full analysis were detected (r ≥ 0.82; P < 0.05), but one vector (previous month effluent phosphorus) was in the opposite direction than that expected. Again, this may have been an artifact caused by the smaller number of data-years available for analysis.
By taking averages from all the subset analyses, probabilities can be calculated to estimate the likelihood of missing important patterns when sampling only once every three years. For the taxa calculation, the percentage of taxa highlighted in the full analysis that were also picked out in a given subset analysis was determined for each subsample data set. These percentages were then averaged over the three subset analyses to yield a single probability value. Thus, in the subset analyses, there was a 71% probability of missing a given important taxon highlighted in the full analysis. Put another way, on average, 71% of the important taxa were missed in the subset analyses. Furthermore, using the same calculation procedure, an average of 50% of the important physicochemical variables were also missed in the subset analyses. It is likely that this loss of information was at least partly due to the reduction in the number of data-years available for analysis when sampling more infrequently, increasing the probability of missing the kinds of patterns illustrated in Fig. 2 . The implication of this kind of information loss is that it would take many more years of data collection to obtain accurate temporal information when sampling only once every three years than when sampling every year.
These probabilities apply only to this data set, but they indicate the nature of the problem. To the extent that Kamloops Lake buffers effluent effects downriver, invertebrate abundances may be less variable (i.e., more stable) in the lower Thompson River than in many otherwise comparably impacted rivers. Thus, temporally coarse sampling may create even greater difficulties in interpreting long-term data sets from more variable rivers.
General Discussion
For the full data set spanning 20 years, the output of total phosphorus and suspended solids by the pulp mill showed a greater correlation with benthic invertebrate community structure than any of the other physicochemical variables for which data was available over this period. The data indicate that the effluent could have caused increases in some of the mayfly, stonefly, and caddisfly families. These results, coupled with those from several other published studies (Lowell and Culp 1999; Lowell et al. 2000; Culp et al. 2000) , strongly suggest an overall nutrient enhancement effect of pulp mill effluent on western Canadian rivers. These studies agree with those in other areas where the enrichment effect of nutrients and organic matter in pulp mill effluent has been shown to enhance productivity in receiving water ecosystems (Hansson 1987; Feder and Pearson 1988; Hall et al. 1991) .
But the effluent impact in the Thompson River may not have been great enough to lead to greater abundances of certain taxa, such as the nematodes and oligochaetes, often associated with more severely polluted habitats. The reversed PCC vectors for these latter two taxa is, in part, due to their high abundances at the beginning of the sampling period (1973) (1974) (1975) . Of relevance, the City of Kamloops greatly reduced the phosphorus output of its sewage treatment plant during 1977 to 1978 (Bothwell et al. 1992) . Furthermore, upsets in pulp mill effluent treatment were more common during this early period, likely leading to greater average effluent toxicity at that time (Dubé 1995) .
When evaluating long-term physicochemical data, it is important to also take into consideration short-term temporal variability. For example, phosphorus levels in the Thompson River can vary on a day-to-day basis, meaning that single once-a-month measurements may or may not be indicative of average conditions during the month. Thus, single periodic measurements may have limited value for interpreting long-term patterns. The integrating effect of monthly averages (such as available for mill output) helps to factor out day-to-day variability, increasing the value of the effluent output data for evaluating a potential cause-andeffect relationship. Of note, the Kamloops pulp mill is the major point source of phosphorus loading to the Thompson River, making it a good indicator of changes in average phosphorus levels in the river (French and Chambers 1995) .
The results reported here should not be viewed in isolation, given that they are necessarily based on correlation rather than on mechanistic explanations that have been experimentally verified. For example, other causative physicochemical variables could have covaried with the mill output of effluent phosphorus and solids and these other variables may have contributed to the changes in community structure observed over the 20-year period. Thus, predictions of the expected effects of pulp mill effluent on aquatic biota should be based, not only on long-term patterns such as measured during this study, but also on studies of spatial patterns measured in the field and on controlled shorter-term experiments.
This latter kind of integrative, weight-of-evidence approach has been applied to the Thompson/Fraser river basin, through the use of formalized causal criteria Culp et al. 2000) . As alluded to above, this formalized procedure demonstrated that, while some evidence of toxicity has been detectable, the predominant effect of pulp mill effluent appears to have been one of nutrient enhancement. For example, short-term experiments on the Thompson River demonstrated that pulp mill effluent not only has the potential of increasing algal availability to mayfly grazers via a phosphorus fertilization effect, but can also directly stimulate increased mayfly growth during part of the life cycle (Lowell et al. 1995) . This growth stimulation may be due to direct consumption of some of the components of effluent solids (e.g., bacteria) (Wassenaar and Culp 1996; Lowell et al. 2000) . In contrast to this stimulatory effect, however, higher effluent concentrations also showed signs of causing molting inhibition (Lowell et al. 1995) . Subsequent experiments with mayflies, as well as algae, chironomids, and benthic communities, have further supported the conclusion of overall nutrient enhancement (Dubé and Culp 1996; Lowell and Culp 1999; Culp et al. 2000) .
The multivariate subset analyses discussed above illustrate the potential information loss that may occur when sampling on too coarse a time scale, such as once every three years. Statistical power to detect temporal changes in effects would also be reduced for other kinds of analyses (e.g., ANOVA) when temporal replication is low. Further, no one taxon was highlighted in all of our subsampling analyses, indicating the difficulty, when sampling too infrequently, in determining consistently useful taxa for evaluating the impacts of a particular effluent. These analyses indicate the need for the finer scale resolution of more frequent sampling when studying temporal patterns, particularly for identifying those taxa (together with relevant physicochemical variables) that best describe patterns of change in community structure in potentially impacted areas.
Thus, when the primary goal is to study temporal trends or patterns rather than just spatial patterns, we recommend finer temporal resolution (e.g., sampling every year) in the monitoring of benthic invertebrates in impacted watersheds, coupled with equally frequent measurements of relevant physicochemical variables (including integrating time-averages, where appropriate). Increased temporal replication would, of course, entail greater monetary costs. Hence, the benefits of increased temporal replication must be weighed against the benefits of maintaining or increasing spatial replication, as well as the logistical constraints of conducting and interpreting a monitoring program. That is, for some moni-toring programs, it will be more important to invest limited resources into ensuring adequate replication for detecting spatial differences in community structure among reference and potentially impacted areas, even if that requires a reduction in the frequency of sampling. Thus, these decisions will depend, in part, on the relative priorities assigned to detecting temporal versus spatial patterns of impacts. Finally, we also recommend that similar subsampling analyses be performed on other long-term data sets of this kind to determine the generality of these results.
